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ABSTRACT Filaggrins are an important class of interme-
diate frament-associated proteins that interact with keratin
intermediate filaments of terminally differentiating mamma-
lian epidermis. They show wide species variations and their
aberrant expression has been implicated in a number of
keratinizing disorders. We have isolated a cDNA clone encod-
ing human ifaggrin and used this to demonstrate that the
human gene encodes a polyprotein precursor containing nu-
merous tandem filaggrin repeats. This structure is similar to
that of mouse; however, the human rdgrin repeat is much
longer (972 base pairs; 324 amino acids) and shows little
sequence homology to the mouse protein. Also, data presented
here reveal that the human kaggrin repeats show considerable
sequence variations; such polymorphism is not found in the
mouse. Furthermore, chromosomal mapping data revealed
that the human gene is located at 1q21, indicating that the
polymorphism is confined to a single locus. By peptide map-
ping, we derme a short linker sequence within the human
fraggrin repeat that is excised by proteolysis to yield functional
molecules. Finally, we show by in situ hybridization that
human ifiaggrin precursor gene expression is tightly regulated
at the transcriptional level in terminally differentiating epider-
mis and that this represents a useful system in which to study
intermediate filament-intermediate filament-associated pro-
tein interactions as well as disorders of keratinization.

Intermediate filaments (IFs) are complex constituents of the
cytoskeletons of most types of eukaryotic cells and indeed
some 30-40 proteins exist in each mammalian species (1).
While their precise functions are unknown, they are thought
to be involved in the physical coordination of cell shape and
nuclear centration and may also be involved in maintaining
the differentiation state of the cell (1-3). In addition, IFs are
usually closely associated with numerous other proteins
(IF-associated proteins or IFAPs) that are involved in the
supramolecular organization of the IF in cells (1, 2).
One of the most quantitatively significant IF-IFAP sys-

tems is the interaction of filaggrin with epidermal keratin IF
(1, 4-7). These proteins are expressed in terminally differ-
entiating epidermis and constitute the "keratin" of mamma-
lian epidermis as a filament-interfilamentous matrix. To
understand this interaction in molecular terms, we recently
cloned and sequenced mouse filaggrin (8) and found that its
gene encodes a polyprotein precursor consisting of many
filaggrin repeats arranged in tandem perhaps separated by a
linker peptide (7-11). This precursor protein initially accu-
mulates in the epidermis as keratohyalin granules (8, 12); it is
highly phosphorylated and incapable of interaction with

keratin IFs. At the time of terminal differentiation, the
precursor is proteolytically processed by excision of the
linker to individual filaggrin molecules, which are then able
to interact with keratin IFs (7, 9-11). Since the aberrant
expression of filaggrin has been implicated in a number of
keratinizing disorders (13-16), it is important to answer
fundamental questions concerning the structure and expres-
sion of its gene. Work with the human system, however, has
been complicated by the realization that antibodies against
mouse filaggrin (17, 18) or cDNA clones encoding mouse
filaggrin (8, 19) do not recognize human filaggrin, implying
some important differences in their properties.

In this paper, we describe the isolation and characteriza-
tion of a clone encoding human filaggrin.** We find that
human filaggrin is also expressed as a polyprotein precursor,
but the size and sequence of the repeats are quite different
from those in the mouse. In addition, we present evidence
that the human repeats are polymorphic. Accordingly, we
have localized the gene to demonstrate that such variations
are confined to a single locus on chromosome 1.

MATERIALS AND METHODS
Using poly(A)-enriched mRNA obtained from human fore-
skin epidermal tissue (20), we constructed a cDNA library by
use of a random oligonucleotide primer (21). cDNA species
>0.5 kilobase pairs (kbp) were used to construct a library in
Agtll (0.9 x 106 plaque-forming units unamplified). This was
screened by standard procedures (21, 22) with a human
anti-filaggrin monoclonal antibody (17) kindly provided by
Howard Baden and Joseph Kubilus (Massachusetts General
Hospital). Following plaque purification of antibody-positive
clones, the insert ofthe longest clone (AHF10; 1.248 kbp) was
transferred to pGEM-3B (Promega Biotec) for synthesis of
RNA probes for in situ hybridization (8) or M13mpl8 or
M13mpl9 vectors for DNA sequencing with Sequenase 2
(United States Biochemical) (8). Northern and Southern blots
were done as before (8, 20). Chromosomal mapping by
somatic cell hybrid analysis and chromosomal in situ hybrid-
ization was done as described (23, 24). Fresh human fore-
skins were cultured in medium 199 and 10% fetal calf serum
for 4 hr with L-[ring-2,3,4,5,6-3H]phenylalanine (100 gCi/ml;
1 Ci = 37 GBq) (New England Nuclear/DuPont). Filaggrin
and its precursor were isolated (5, 25) and subjected to amino
acid analysis by established procedures (26). About 0.5 mg
(2000-3000 cpm) of each protein was also digested with
trypsin (Sigma, type IX) for 2 hr at 370C at -1 mg/ml in 0.1
M N-ethylmorpholine acetate (pH 8.3). Peptides were re-

Abbreviation: IF, intermediate filament.
**The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M24355).
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FIG. 1. Nucleotide sequence of the cDNA clone AHF10 and its deduced amino acid sequence (using single-letter code).

solved with a peptide analyzer and selected radioactive peaks
were recovered for amino acid analysis.

RESULTS AND DISCUSSION
Isolation and Characterization ofcDNA Clones Encoding the

Human Filaggrin Precursor. Using a well-defined monospe-
cific monoclonal antibody against human filaggrin (17), we
identified 12 antibody-positive clones for the precursor from
-2 x 105 plaque-forming units of a random-primed human
epidermalcDNA library ligated into Agtll. The longest clone,
AHF10, was sequenced, found to be 1248 bp long, and
contained a single open reading frame encoding 416 amino
acids (Fig. 1). Notably, the first 92 amino acid residues (276
bp) share 78% identity and 86% homology with the last 92
residues, thereby delineating a 324-residue (972-bp) repeat.
The sequence data reveal a conserved aliphatic region (res-
idues 23-38 and 347-362). This is flanked by sequences that,
interestingly, are homologous to regions in mouse filaggrin,
which are thought to demarcate a linker sequence that is
excised from the polyprotein precursor to produce filaggrin
(8, 19). By alignment of these mouse and human sequences
to maximize homology (Fig. 2), we can demonstrate that the
human filaggrin repeats are likely to be defined by a short
linker of length within the range of 7-13 residues: the most
striking homology predicts a linker of 7 residues correspond-
ing to residues 350-356 (and residues 26-32). To explore
whether this region is indeed part of the linker, fresh fore-
skins were labeled in organ culture with [3H]phenylalanine,
filaggrin and its precursor were purified, and their tryptic
peptides were resolved. Fig. 3 shows that only acidic pep-
tides contain radioactivity and are similar, but the precursor
yielded three labeled peptides (peaks 4, 13, and 14), whereas
in purified filaggrin, peaks 13 and 14 were completely absent
and only peak 4 was labeled. These peptides have amino acid
compositions as follows (single-letter code): peptide 4,
D3.9S6.7E4.1G2 0F1.0H0.9R1.o; peptide 13, S4.8Tj.oE3.8G2.0A1.0-
V0.9L1.0F1.0Y1.0H1.9Rj.0; peptide 14, S8.5T3.8E4.8P1.0G4.7V1.0-
L1.01FL.OY.OH3MR1.0, which correspond very closely to se-
quences 174-193, 23-42, and 340-372 of Fig. 1, respectively.
Therefore, sequences in the vicinity of phenylalanines 26 and

350 are removed during processing of the precursor and must
demarcate the linker region. Accordingly, we suggest that
human filaggrin is defined by residues 33-349 of Fig. 1. Such
a protein of 317 residues has a molecular mass of -34.2 kDa,
which is very close to the size of human filaggrin estimated
on denaturing polyacrylamide gels to be 34 kDa (17) or 38 kDa
(25). Moreover, its amino acid composition is quite similar to
acid hydrolyzates ofisolated and purified human filaggrin and
its precursor (Table 1), and it has a pI of -9.5 as predicted
from its biochemical properties.
The data of Figs. 1 and 3 have revealed sequence variations

amongst the acidic peptides flanking the linker of the human
filaggrin precursor; that is, the various repeats are polymor-
phic. This means that human filaggrin itself consists of a
heterogeneous population of similar molecules whose varia-
tions cannot be attributed to charge heterogeneities resulting
from postsynthetic modifications (9). In contrast, sequencing
(8) and peptide mapping (11) data of mouse filaggrin and its
precursor revealed no such polymorphism. Including the
region shown in Fig. 2, the overall homology of mouse and
human filaggrins is =20%, but beyond this region, the ho-
mology is only slight. There are other quasi-repeating peptide
sequences within human filaggrin that resemble but are not
homologous to sequences within mouse filaggrin.
The Human Filaggrin Precursor Gene Encodes a Polypro-

tein. The cDNA clone was used for Northern blot analysis
and revealed a significantly degraded majormRNA species of
up to 15 kb in human poly(A)-enriched epidermal RNA (Fig.
4A) but it did not hybridize to mouse or rat RNA (data not
shown). This lack of cross-hybridization between the species
has been described (19) and is not surprising in view of the
low sequence homology. We tested several methods and
sources of isolating human epidermal RNA. While the
mRNAs for other epidermal differentiation products such as
for keratins 1 and 10 were always intact, the filaggrin mRNA
was always partially degraded, suggesting that this message
may be partially processed in the tissue.

Southern blot analyses were performed on total human
genomic DNA from a single placenta (Oncor, Gaithersburg,
MD) (Fig. 4B). DNA cut by several restriction enzymes (for
example, HgiAI and Sma I and their isoschizomers) yielded a

Human /F5FLVST /HEQSESSHGWSEPS

Mouse D_/YYYE /HEGPSffQSSRH RUPGFAPR

FIG. 2. Comparison of human and mouse precursor sequences to demonstrate region of high homology in the vicinity of the putative linker.
Residues 292-390 of the human sequence (see Fig. 1) are aligned with the mouse sequence (8) to maximize homology. The single-letter code
is used. :, exact match; ., conservative change; /, possible linker sequences that are excised during processing of the precursors to the filaggrin
units. In the case of the human protein, the linker may be as short as 7 residues (as shown) or as long as 13 residues (including the residues
inserted with respect to the mouse).
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FIG. 3. Identification of [3H]phenylalanine-labeled tryptic pep-
tides of isolated human filaggrin precursor (A) and filaggrin (B). The
peptides were separated with an initial buffer of0.2 M sodium citrate
(pH 3.25) for 140 min followed by 0.4 M sodium citrate (pH 6.5). Solid
line, fluorescence trace; broken line, radioactivity. This efficiently
separated the acidic peptides that contain label; optimal separation
of unlabeled basic peptides was not attempted. Labeled peaks 13
(corresponding to residues 23-42; see Fig. 1) and 14 (residues
340-372) present in A are absent from B, while peak 4 is present in
both (corresponding to residues 174-194). Accordingly, we predict
that the phenylalanine residues 26 and 350 are involved in the linker
region that is proteolytically removed during processing. Attempts to
isolate the unique amino- and carboxyl-terminal peptides of filaggrin
have not yet been successful because of sequence polymorphisms.
Note that peak 7 is NH3.

band at -975 bp, which is clearly superstoichiometric with
respect to weaker bands presumably representing flanking
gene sequences. Interestingly, the partial Sma I digest shown
in Fig. 3B (lane 3) revealed a series of bands spaced %975 bp
apart corresponding to multiples of this repeat. Pst I revealed
a repeat of -800 bp as expected (lane 2), since the cDNA
sequence data contains two Pst I sites per 972 bp giving rise
to fragments of 797 and 175 bp (Fig. 1). DNA cut by certain
other enzymes such as Dra I and EcoRV (lanes 4 and 5) yielded
a single large band of 15-16 kbp, thereby setting an upper limit
on the size of the coding portion of the gene. Many other
restriction enzymes that did not cut the cDNA clone never-
theless cut genomic DNA into a variety of intermediate-sized
fragments (lanes 6 and 7 for EcoRI and Sac I). This indicates
that there must be considerable nucleic acid sequence varia-
tion within the various repeats along the gene and/or between
different individuals. We have found that such sequence
variations do not occur in the mouse filaggrin gene, wherein
the repeats share >99%o sequence identity (J. A. Rothnagel
and P.M.S., unpublished data). These Southern blotting data
support the conclusions of the data of Figs. 1 and 3. Further
work will be necessary to fully characterize the extent and
complexity of the polymorphism of the human filaggrin pre-
cursor gene system. Nevertheless, like the mouse gene, the
close similarity of the size of the repeat recognized in the
cDNA clone and that seen in genomic DNA indicates that the
human filaggrin precursor gene consists of a tandem array of
repeating, if not polymorphic, filaggrin units devoid of introns

Table 1. Amino acid composition of human filaggrin (residues
per 100 residues)

Determined by acid hydrolysis
Deduced from
cDNA clone Filaggrin Precursor

Amino acid (residues 33-349) Ref. 25 This work This work
Asp + Asn 8.26 8.9 7.65 8.05
Thr 4.42 1.2 4.15 3.75
Ser 24.92 13.8 22.55 20.90
Glu + Gln 15.14 14.8 14.40 13.70
Pro 0.63 1.00 0.50
Citrulline 1.25 Trace
Gly 15.14 19.0 16.55 17.40
Ala 6.63 6.6 5.85 6.25
Val 1.26 4.3 1.35 2.00
Cys Trace Trace Trace
Met 0.9 Trace Trace
Ile 0.63 2.3 0.75 1.05
Leu 0.63 4.7 1.25 1.35
Phe 0.32 1.9 0.70 1.25
Tyr 0.63 2.1 1.05 1.60
Ornithine 0.45
Lys 3.6 Trace 0.20
His 11.99 6.5 11.95 12.55
Trp 0.63 0.55 0.30
Arg 9.78 7.9 8.35 9.05
Ser(P)* 0.30 6.45
Note that human filaggrin contains some citrulline, which is

thought to arise by desimidation of certain of the arginine residues
(9). On acid hydrolysis, citrulline is partially degraded to ornithine.
The total arginine + citrulline + ornithine content is similar to the
total arginine of the deduced sequence.
*This shows that the human precursor, like the rat and mouse
filaggrin precursors (7, 8), is highly phosphorylated.

in the coding regions. The data from the Southern and North-
ern blots suggest that there are at least 12 repeats in the human
polyprotein precursor.
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FIG. 4. (A) Northern blot of human epidermal poly(A)-enriched
RNA probed with the AHF10 clone identifies a somewhat degraded
but very largemRNA species with upper band (arrow) of -15 kb. The
locations of the 28S and 18S ribosomal RNA species are shown. (B)
Southern blots of human genomic DNA from a single placenta cut
with HgiAI (lane 1), Pst I (lane 2), Sma I (lane 3), Dra I (lane 4),
EcoRV (lane 5), EcoRI (lane 6), Sac I (lane 7). The spots ( ) in lanes
1, 2, 3, 7, and 8 mark minor bands that represent flanking sequences
in relation to the superstoichiometric bands that delineate the exis-
tence of numerous filaggrin repeats. Lane 3 shows a partial digestion
with Sma I demonstrating a ladder of at least 10 repeats.
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FIG. 5. In situ hybridization using antisense RNA probes from
the AHF10 clone. The filaggrin probe decorates only a single cell
layer high in the epidermis.

Transcriptional Control of Expression of the Human Filag-
grin ecursor Gene. The cDNA clone was reconfigured into
a pGEM-3B vector to generate sense and antisense RNA
probes for in situ hybridization. Fig. 5 shows that the antisense
orientation decorates a single cell layer high in full-thickness
adult human epidermis, corresponding to the granular layer,
indicating that filaggrin mRNA is actively transcribed only

where the precursor accumulates as keratohyalin granules. In
contrast, the keratin 1 gene is abundantly expressed through-
out the suprabasal layers of the epidermis as expected (8, 27).
These data indicate that filaggrin gene expression, in contrast
to keratin 1 gene expression, is suppressed at the transcrip-
tional level until very late in epidermal differentiation in
normal epidermis, which therefore adequately explains why
many hyperproliferative disorders of keratinization express
diminished levels of filaggrin (16, 28). These RNA probes will
now be useful in the further analysis of the expression of the
filaggrin precursor during normal and abnormal epidermal
differentiation.
Chromosomal Mapping and Localization of the Human

Filarin Precursor Gene. DNA from a panel of mouse-
human somatic cell hybrids retaining overlapping subsets of
human chromosomal regions (see Fig. 6A) was digested with
EcoRI and examined by Southern blots. The presence of the
5- and 6-kbp intermediate-sized fragments (Fig. 4B, lane 6),
corresponding to the presence of unique human sequences
was detected in five hybrids (Fig. 6A), all retaining chromo-
some 1. None of the hybrids that were negative for human
filaggrin sequences retained chromosome 1, except for hy-
brid PB5, which only retains the short arm ofchromosome 1.
Thus, by somatic cell hybrid analysis, the human filaggrin
precursor gene localizes to the long arm of chromosome 1.
The precise assignment of the gene was established by
chromosomal in situ hybridization (23, 24). The distribution
of grains on 100 metaphases was assessed and is illustrated in
Fig. 6B. Significant labeling occurs only over the proximal
portion of the long arm of chromosome 1; 50.3% (200/398) of
the total grains were found at the 1q21 region. This means that
the polymorphism of the human filaggrin precursor gene is
confined to a single locus at 1q21.
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